Summary. Delignified and/or xylanase-treated secondary walls of Fagus crenata fibers were examined by field emission scanning electron microscopy. Microfibrils with a smooth surface were visible in the innermost surface of the differentiating fiber secondary wall. There was no ultrastructural difference between control and delignified sections, indicating that lignin deposition had not started in the innermost surface of the cell wall. There was no ultrastructural difference between control and xylanase-treated sections. Microfibrils on the outer part of the differentiating secondary wall surface had globular substances in delignified sections. These globular substances disappeared following xylanase treatment, indicating that these globules are xylan. The globular substances were not visible near the inner part of the differentiating secondary wall but gradually increased toward the outer part of the secondary wall, indicating that xylan penetrated into the cell wall and continuously accumulated on the microfibrils. Mature-fiber secondary walls were also examined by field emission scanning electron microscopy. Microfibrils were not apparent in the secondary wall in control specimens. Microfibrils with many globular substances were observed in the delignified specimens. Following xylanase treatment, the microfibrils had a smooth surface without any globules, indicating that the globular substance is xylan. These results suggest that cellulose microfibrils synthesized on the plasma membrane are released into the innermost surface of the secondary wall and coated with a thin layer of xylan. Successive deposition of xylan onto the cell wall increases the microfibril diameter. The large amounts of xylan that accumulated on microfibrils appear globular but are covered with lignin after they are deposited.
Introduction
Xylan is the main hemicellulosic component of hardwoods and accounts for approximately 30% of the woody cell wall (Fengel and Wegener 1984) . The distribution and function of xylan in the cell wall has been studied extensively since the early 1980s. Vian et al. (1983 Vian et al. ( , 1986 ) examined the localization of xylan in the fiber cell walls of linden wood by the xylanase-gold labeling technique. Xylan was preferentially located in the transition zone from the outer (S 1 ) to the middle (S 2 ) secondary-wall layer in which microfibrils have a helicoidal alignment. Vian et al. (1986) hypothesized that xylan acts as a twisting agent for cellulose microfibrils. The role of xylan during secondary-wall formation was reviewed by Reis et al. (1994) .
Although the role of xylan at the molecular level has been discussed, the mode of deposition of xylan has not been described in detail. We previously examined the immunolocalization of glucuronoxylan in the differentiating xylem of Japanese beech wood and demonstrated that glucuronoxylan was exclusively located in the secondary wall of xylem elements and gradually increased during the course of secondarywall formation (Awano et al. 1998) . The increase of xylan in the differentiating secondary wall was supported by immuno-scanning electron microscopy (Awano et al. 2000) . Microfibrils in newly formed secondary walls as well as in mature secondary walls were labeled with antixylan antiserum.The intensity of labeling was greater in mature secondary walls than in differentiating cell walls, suggesting that deposition of xylan into the cell wall occurs continuously after cellulose microfibril deposition. The diameter of the microfibrils increased during the course of secondarywall formation. The increase in the diameter of the microfibrils might be due to successive xylan deposition.
Microfibrils observed by field emission scanning electron microscopy (FESEM) are not composed of pure cellulose but are cellulose microfibrils coated with xylan. Xylan, however, is not the only molecule that causes microfibril thickening. Lignin also deposits around microfibrils and contributes to the thickening of the microfibrils. When mature cell walls were observed by FESEM, microfibrils were not apparent. In mature cell walls, lignin might cover other cell wall components and contribute to cell wall consolidation. Therefore, the removal of lignin without loss of other cell wall components is necessary for visualization of cellulose microfibrils and hemicellulose by FESEM.
The acid chlorite delignification method of Wise et al. (1946) has long been used for holocellulose preparation. It is not an ideal procedure for ultrastructural observation, however, because delignification is performed at a high temperature. Maekawa and Koshijima (1983) evaluated several delignification procedures and concluded that the use of acetate buffer as a reaction medium in the Wise method promotes the delignification process and reduces the loss of carbohydrates. In addition, they concluded that the delignification method of Klaudiz (1957) , delignification at 35 to 40°C for a longer period, is a comparable procedure when attempting to minimize the loss of carbohydrates. From an anatomic point of view, the method of Klaudiz should be adequate because the reaction proceeds at a relatively low temperature.
In the present study, beech sections mildly delignified by the modified method of Klaudiz were observed by FESEM. Delignified sections were treated with xylanase to remove xylans, which are the major hemicellulosic components of beech wood. FESEM observation of these sections revealed the spatial relations of cellulose microfibrils, xylan, and lignin.
Material and methods

Plant material
During the active growth period, small blocks (5 by 5 by 15 mm) containing differentiating xylem were taken from a living Japanese beech tree (Fagus crenata) grown in the Kamigamo Experimental Forest (Kyoto, Japan). Blocks were fixed and stored in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) at 4°C.
Specimen blocks, stored as described previously, were sectioned in the radial plane at a thickness of 100 mm with a sliding microtome. These sections were used for the following extraction procedure (delignification and xylanase degradation).
Sodium chlorite delignification
Delignification was performed according to Klaudiz (1957) with minor modifications. For chemical analysis, 1 g of extracted, ovendried sections was weighed. For transmission electron microscopy (TEM) and FESEM observation, approximately 1 g of sections which have not been dried was used. Sections were incubated with 50 ml of 8% NaClO 2 in 1.5% acetic acid at 40°C for 24 to 96 h. After incubation, the sections were washed several times with distilled water.
Lignin analysis
The lignin content of the lignin-extracted sections was determined by the sulfuric acid method. Acid-insoluble lignin was determined according to Effland (1977) . The wood sections (200 mg) were dissolved in 1 ml of 72% sulfuric acid (30°C, 1 h). Thereafter, the specimens were diluted in 28 ml of distilled water and placed in an autoclave for 1 h at 120°C.While keeping the solution hot, the lignin was filtered off through a 1G4 filter. The residue was thoroughly washed with hot water to completely remove the acid. After drying at 105°C for at least 4 h, the filter was cooled in a desiccator and weighed.
The acid-soluble lignin content was determined according to Maekawa et al. (1989) . The absorbance of the filtrate was measured at 205 nm wavelength. The acid-soluble lignin content in the filtrate was calculated using 110 l/g cm as the absorptivity of the lignin. The filtrate after acid hydrolysis (8.7 ml) was used for analysis of the neutral monosaccharides as described below.
Xylanase degradation
Following 72 h of sodium chlorite delignification, parts of sections were incubated with xylanase from Trichoderma viride (X-3876; Sigma Chemical Co., St. Louis, Mo., U.S.A.). Dry delignified sections (100 mg) were weighed and incubated with 25 U of xylanase in 10 ml of 0.1 M acetate buffer (pH 4.5) for 1 week. As a control, dry delignified sections (100 mg) were incubated in the same acetate buffer without xylanase for 1 week. After incubation, sections were separated from enzyme hydrolysate solution by centrifugation.
Degradation was determined by two methods: measurement of the visible and UV spectra of the xylanase hydrolysate solution and neutral monosaccharide analysis of the xylanase hydrolysate solution and the residual sections. The visible and UV spectra of the xylanase hydrolysate solution were determined with a spectrophotometer (UV-1600; Shimadzu, Kyoto, Japan). Thereafter, 0.3 ml of 72% sulfuric acid was added to the xylanase hydrolysate solution (8.4 ml) and the mixture was autoclaved for 1 h at 120°C. The solution obtained (8.7 ml) was used for the neutral-monosaccharide analysis as described in the following section. The xylanase-treated sections (30 mg) were weighed and dissolved in 0.3 ml of 72% sulfuric acid (30°C, 1 h). Thereafter, the specimens were diluted in 8.4 ml of distilled water and placed in an autoclave for 1 h at 120°C. The solution was collected by filtration through a 1G4 filter. The filtrate (8.7 ml) was used for the neutral-monosaccharide analysis as described in the following section.
For microscopic observation, approximately 100 mg of delignified sections which have not been dried was incubated with 12.5 U of xylanase in 10 ml of 0.1 M acetate buffer (pH 4.5) for 1 week. As a control, some sections were treated with the same acetate buffer without xylanase. The enzyme reaction was stopped by thoroughly washing the sections with distilled water. The residual sections were used for TEM and FESEM specimen preparation described below.
Neutral-monosacchar ide analysis
Myo-inositol (0.5 ml, 20 mg/ml) was added to the sample solution (8.7 ml) as an internal standard. Thereafter, the pH of the solution was adjusted to 5.5 with saturated barium hydroxide. The solutions were centrifuged and the supernatant was collected. Sodium borohydride (20 mg) was added to the supernatant. The reaction mixture was maintained at room temperature overnight. The reduction reaction was stopped by dropwise addition of glacial acetic acid until the evolution of hydrogen gas ceased. Then, the reaction mixture was dried by evaporation at 50°C. To remove the volatile methyl borate esters, 10 ml of ethanol was added to the mixture and evaporated at 50°C three times. Sulfuric acid (0.1 ml) was added to the reaction mixture followed by the addition of 2 ml of acetic anhydride. The resultant solution was mixed thoroughly and maintained at 60°C for 1 h. After the addition of 20 ml of water, alditol acetates were extracted with 15 ml of ethyl acetate, followed by a rinse with distilled water, saturated sodium hydrogen acetate, and saturated sodium chloride. The extracts were dried over sodium sulfate and evaporated to dryness. The alditol acetates were dissolved in acetone and quantitatively determined by gas chromatography on a fused-silica capillary column (SP-2330, 0.25 mm by 15 m; SPELCO, Bellefonte, Pa., U.S.A.).
TEM observation
Sections were dehydrated through a graded ethanol series and embedded in epoxy resin. Ultrathin sections of the epoxyembedded samples were cut transversely with an ultramicrotome (Ultracut E; Reichert-Jung, Vienna, Austria), and stained with 2% aqueous uranyl acetate and Reynolds lead citrate. The ultrathin sections were observed with a TEM (JEM-1220; JEOL, Tokyo, Japan) at 100 kV.
FESEM observation
Sections were postfixed with 2% osmium tetroxide for 2 h at room temperature. Thereafter they were dehydrated through a graded ethanol series and dried with a critical-point dryer (HCP-2; Hitachi, Tokyo, Japan) with liquid CO 2 as the drying agent. Dried sections were coated with approximately 1 mm thick platinumcarbon by rotary shadowing at 60°with a freeze etching apparatus (JFD-9010; JEOL). Sections were examined with a FESEM (S-4500; Hitachi) at an accelerating voltage of 1.5 kV and 3 to 5 mm of working distance.
Results
Lignin content of delignified sections
Yield and lignin content of delignified sections are shown in Table 1 . Prolonged sodium chlorite treatment decreased Klason lignin content. No Klason lignin was detected in the sections treated for more than 48 h. The acid-soluble-lignin content in the sodium chloritetreated sections was higher than that in control sections.
Estimation of xylanase degradation
The visible and UV spectra of the xylanase hydrolysate solution are shown in Fig. 1 . Both the xylanase hydrolysate solution and the acetate buffer solution had UV absorption. There was no visible-light absorption. The UV absorption of the xylanase hydrolysate was slightly higher than that of acetate buffer solution.
The neutral-monosaccharide composition of xylanase-treated sections is shown in Table 2 . Xylanasetreated sections had a low xylan content.
The neutral monosaccharides of the xylanase hydrolysate solution are shown in Table 3 . Xylanase hydrolysate contained not only xylose but also other monosaccharides. The amount of other monosaccharides in the xylanase hydrolysate, i.e., arabinose, mannose, galactose, and glucose, however, was the same as that in acetate buffer (control). Figure 2 shows a transverse view of a mature fiber. The middle lamella and primary wall were heavily contrasted in untreated sections and the three-layered secondary wall remained electron transparent (Fig.  2 A) . After the delignification process, materials were extracted from the middle lamellae cell corner showing a reticular structure, while the primary wall remained heavily contrasted (Fig. 2 B) . The secondary wall was not affected by the delignification process with regard to shape and stainability. Xylanase treatment following delignification markedly affected secondary-wall structure (Fig. 2 C) . The secondary wall Fig. 2 A-D . TEM observation of transversely sectioned mature fiber. A Control section. Primary wall and middle lamellae cell corner were heavily contrasted. B Delignified section. Materials were extracted from the middle lamellae cell corner showing a reticular structure (arrowheads). The primary wall remained heavily contrasted. C Delignified and xylanase-treated section. Secondary wall expanded toward cell lumen (arrows). Primary wall was lightly stained. No fibrillar structure was observed in middle lamellae cell corner (arrowheads). D Delignified and acetate buffer-treated section. No structural change was observed in the secondary wall. Middle lamellae cell corners, however, were electron translucent (arrowheads) and primary walls were lightly stained. Bars: 2 mm expanded toward the cell lumen and the primary wall was lightly stained. No fibrilar structure was observed in middle lamellae cell corner. Control specimens treated with only acetate buffer had no structural changes in the secondary wall (Fig. 2 D) . The middle lamellae cell corner, however, was electron transparent and the primary wall was lightly stained.
TEM observation
FESEM observation of control sections
The S 2 -forming fibers were observed by FESEM. Microfibrils on the innermost surface of the cell wall were highly oriented to the cell axis (Fig. 3 A) .
Although microfibrils were clearly visible near the innermost surface, they were gradually indiscernible toward the outer part of the secondary wall (Fig. 6) . No fibrilar structure was visible and many warts were observed on the inner surface of mature-fiber cell walls (Fig. 4 A) . Microfibrils were not visible in the sectioned surface of the secondary wall (Fig. 5 A) .
FESEM observation of delignified sections
Microfibrils on the innermost surface of the secondary wall in the S 2 -forming fibers were clearly visible (Fig. 3  B) . On the obliquely sectioned surface of the S 2 - forming fiber cell wall, microfibrils at the outer part of the secondary wall had many globular substances on them, while the inner part of secondary wall had a smooth surface (Fig. 7) . When the mature fiber was observed from the lumen side, microfibrils were visible and many globular substances were located on the microfibrils (Fig. 4 B) . The size of the globular substance was almost the same as the width of the microfibrils. Warts were clearly observed (Fig. 4 B) . Microfibrils on the sectioned surface of the secondary wall had many globular substances on their surface (Fig. 4 B) .
FESEM observation of delignified and xylanase-treated sections
In the S 2 -forming fibers, microfibrils on the innermost surface of the secondary wall were clearly visible (Fig.  3 C) . The width and appearance of the microfibrils were almost the same as that of the control and delignified sections. When the mature fiber was observed from the lumen side, microfibrils were visible but there were no globular substances (Fig. 4 C) . There were no warts observed (Fig. 4 C) . On the sectioned surface of the secondary wall, microfibrils were clearly visible and there was no globular substance on the microfibrils (Fig. 5 C) .
Discussion
Delignification
Klason lignin was not detected in the sections treated for more than 48 h. The acid-soluble-lignin content in the sodium chlorite-treated sections was higher than that in the control sections. Lignin molecules were degraded into small fragments that were solubilized in the acid solution. The content of acid-soluble lignin decreased as the treatment time increased.To decrease the lignin content, delignification should be performed for a longer period. A longer period of delignification, however, decreased the yield of the specimen, which indicates an increased loss of carbohydrate (Table 1) . Xylanase treatment affected the secondary wall as well as the primary wall and middle lamellae cell corners (Fig. 2 C) . On the other hand, acetate buffer induced morphologic changes in the primary wall and middle lamella cell corner but not in the secondary wall (Fig. 2 D) . Therefore, xylanase rather than acetate buffer induced morphologic changes in the secondary wall.
We concluded that the specificity of xylanase treatment was relatively high in the secondary wall. There was no ultrastructural difference observed in the secondary wall under FESEM, regardless of acetate treatment (data not shown).
Secondary wall of the differentiating fiber
The innermost surfaces of the differentiating secondary walls can be regarded as newly formed cell walls. Microfibrils were clearly visible in the control sections and were highly oriented to the cell axis in the S 2 layer (Fig. 3 A) . After delignification, microfibrils retained almost the same diameter and had the same appearance as controls (Fig. 3 B) , indicating that lignin In the present study, the delignification period was 72 h, a compromise between a low lignin content and a low loss of carbohydrate.
Specificity of xylanase degradation
In the present study, xylanase was used as a selective extracting reagent for xylan. To examine the specificity of xylanase degradation, the enzyme hydrolysate and enzyme-degraded sections were chemically analyzed. The UV spectra of the enzyme hydrolysate revealed that some UV-absorbing materials were extracted during xylanase incubation (Fig. 1) . Acetate buffer without xylanase, however, also extracted some UVabsorbing materials (Fig. 1) . The xylanase hydrolysate contained not only xylose but other monosaccharides as well, i.e., arabinose, mannose, galactose, and glucose (Table 3) . Acetate buffer after incubation also contained almost the same amount of these monosaccharides but less xylose (Table 3) . These results suggest that some UV-absorbing materials and non-xylose neutral monosaccharides were extracted by acetate buffer alone. deposition had not occurred in the innermost surface of the cell wall. Xylanase treatment did not change the diameter or appearance of the microfibrils (Fig. 3 C) . Microfibrils on the innermost surface of cell walls, however, are immuno-labeled with antixylan antiserum (Awano et al. 2000) . Therefore, they were coated with a very thin layer of xylan that could not be resolved by FESEM.
The outer part of the differentiating secondary wall is in the advanced stage of cell wall formation. Although microfibrils were clearly visible near the inner region, they were gradually indiscernible toward the outer part of the secondary wall (Fig. 6) . After delignification of the developing secondary walls, microfibrils with many globular substances were visible in the outer part of the wall, while the microfibrils were observed on the smooth surface in the inner part of the wall (Fig. 7) . This finding suggests that lignin deposition occurs only on the outer part of the cell wall and does not start in the inner part. The globular substances on the microfibrils disappeared following xylanase treatment (Fig. 5 C) , indicating that these substances are xylan. Therefore, xylan not only covers the newly deposited microfibrils in the inner part of the secondary walls but also deposits heavily on microfibrils in the outer part of the secondary wall. Various stages of cell wall formation were simultaneously observed in obliquely sectioned secondary walls. The gradual increase in globular substances toward the outer part of secondary wall (Fig. 7) suggests that larger amounts of xylan penetrated into the cell wall and continuously deposited on microfibrils.
Secondary wall of mature fiber
The fiber cell walls of Japanese beech have a warty layer (Harada 1962) . Many warts were clearly observed on the innermost surface (Fig. 4 A) . This layer did not disappear following xylanase treatment without delignification (data not shown). Therefore, this layer might be covered by lignin or other phenolics. Warts remained following delignification (Fig. 4 B) but completely disappeared following xylanase treatment (Fig. 4 C) , indicating that the warts are composed mainly of xylan. No fibrilar structure was visible on the innermost surface of the fiber cell wall because a warty layer covered the surface (Fig. 4 A) . In delignified sections, microfibrils with many globular substances were visible (Fig. 4 B) . The size of the globular substance was almost the same as the width of the microfibrils. Following xylanase treatment, the globular substance disappeared and therefore the microfibrils had a smooth surface (Fig. 4 C) . This indicates that these globular substances on the microfibrils are xylan. In addition, the inner surface had a wavy structure, which could be due to the extraction of a large amount of lignin and xylan.
Microfibrils in the mature S 2 layer were not visible in control sections (Fig. 5 A) . In delignified sections, microfibrils with many globular substances on their surface were clearly visible (Fig. 5 B) . Following xylanase treatment, the microfibrils had a smooth surface, indicating that the globular substance is xylan (Fig. 5 C) .
Mechanism of secondary-wall assembly
There are two phases of xylan deposition. First, xylan coats the surface of cellulose microfibrils that have just been released into the innermost surface of the cell wall. This thin layer of xylan could not be resolved by FESEM but was immuno-labeled with antixylan anti- (Awano et al. 2000) . This type of xylan was previously deposited in the innermost surface of the cell wall and formed a polysaccharide gel (Terashima et al. 1993) . Second, large amounts of xylan penetrate into the cell wall because there is no room for xylan to coat the cellulose microfibril surface. This type of xylan accumulates on the microfibrils and has a globular appearance. These globular substances, however, were not observed in the control sections, which suggests that lignin deposition occurs simultaneously with xylan penetration.
On the basis of the present results, we propose the following mechanism for secondary-wall assembly. Cellulose microfibrils synthesized on the plasma membrane are released into the innermost surface of the secondary wall. Xylan is synthesized in the Golgi apparatus and transported to the innermost surface of cell wall across the plasma membrane (Northcote et al. 1989) . The cellulose microfibrils are coated with a very thin layer of xylan that was previously deposited there. Large amounts of xylan, however, penetrate the cell wall and accumulate on the microfibrils, producing a globular appearance. Lignin deposition occurs simultaneously with xylan penetration and, finally, microfibrils with globular xylan are masked by lignin, resulting in the homogeneous appearance of the cell wall. Fig. 7 A, B . FESEM observation of obliquely sectioned surface of the secondary wall of an S 2 -forming fiber. Delignified section. A Overview of an S 2 -forming fiber. Obliquely sectioned region (asterisk) shows various stages of cell wall formation. Bar: 5 mm. B Detail of an obliquely sectioned differentiating secondary wall. Microfibrils in the inner part had a smooth surface (left), but those in the outer part had globular substances on their surface (right). The globular substances gradually increased toward the outer part of the secondary wall. Small arrowheads indicate globular substances (xylan). Bar: 1 mm
